An investigation was made of the proposal that the slow inactivation of ribulosebisphosphate carboxylase (Rubisco) activity, which occurs during in vitro assays, is due to decarbamylation of the enzyme. The level of carbamylation was compared with catalytic activity during assay conditions in which activity was both increasing and decreasing. Carbamylation level was measured using the reaction-intermediate analogue 2'-carboxy-D-arabinitol-1,5-bisphosphate (carboxyarabinitol-P2). A dual isotope procedure was used in which [3H]carboxyarabinitol-P2 measured total active sites and 14CO2 reported the level of carbamylation.
The efficacy of the procedure was verified both in the presence and in the absence of the substrate D-ribulose-1,5-bisphosphate (ribulose-P2). These measurements showed that changes in activity during assays were not correlated with carbamylation status. Inactivation during assays initiated with both fully and partially carbamylated enzyme was not associated with any change in carbamylation level. This implies that the loss of activity during assays is not due to ribulose-P2 binding and sequestering the E form of the enzyme. Ribulose-P2 did not appear to alter the equilibrium between carbamylated and uncarbamylated enzyme, but it did slow the rate at which enzyme was both decarbamylated and carbamylated. The most likely explanation for the loss of activity during assays appears to be the sequestration of carbamylated, Mg2 -bound active sites by an inhibitor.
Slow loss of Rubisco2 activity occurs during in vitro assays when reactions are initiated by the addition of the substrate, ribulose-P2, to CO2-and Mg2e-activated enzyme. This phenomenon, to which we have applied the term 'fallover,' is manifested as an apparent, first-order decline in catalytic rate to a lower final steady state rate, with a half-time of about 7 min (6) . An understanding of what causes this decline in activity has generally been sought in terms of interactions occurring during the activation and inactivation of Rubisco by the reversible binding of CO2 and Mg2+ at the catalytic site (13) . It has generally been assumed that this fallover is due to ribulose-P2 binding to and sequestering the noncarbamylated ' Present address: Centre for Molecular Biology and Biotechnology, University of Queensland, St Lucia QLD 4067, Australia.
2 Abbreviations: Rubisco, ribulose-P2 carboxylase-oxygenase (EC 4.1.1.39); ribulose-P2, o-ribulose-1 ,5-bisphosphate; carboxyarabinitol-P2, 2'-carboxy-D-arabinitol-1,5-bisphosphate. 1383 form of Rubisco (E) (12, 14, 16) , thereby reducing the concentration of the catalytically competent CO2-and Mg2 -bound form (ECM). This theory has been based on experimental findings which show that phosphorylated sugars, including ribulose-P2, may bind to both the E and ECM forms of the enzyme at the catalytic site (2, 14) . When bound to the ECM form, the activating CO2 and Mg2' are stabilized on the enzyme. When bound to the E form, carbamylation is retarded. Depending on the relative affinity ofthese compounds for E and ECM, they may shift the equilibrium between these forms of the enzyme.
There have been several indications that ribulose-P2 binds tightly to the E form of Rubisco. For example, Jordan and Chollet (9) measured a dissociation constant for the E-ribulose-P2 complex of 21 nM at 2°C, and Laing and Christeller ( 11) showed that activation of E was very slow in the presence of ribulose-P2. With such tight binding of ribulose-P2 to E, it could readily be expected that there should be a decline in the level of ECM during carboxylation, and conversely, that there should be very little increase in the level of ECM when E is added to ribulose-P2 in the presence of CO2 and Mg2'. In fact, it is thought that the enzyme, Rubisco activase, is required in vivo to promote activation in the presence of ribulose-P2 (20) . Contrary to this, there are a number of reports of ribulose-P2 promoting carbamylation of Rubisco. Vater et al. (22) showed that ribulose-P2 induced a decrease in the dissociation constant for the EC complex similar to that seen with sugar phosphate activators such as 6-phosphogluconate, and NADPH (2, 5, 14) . Additionally, Laing and Christeller (12) proposed that enhanced carbamylation by ribulose-P2 was responsible for a deviation from Michaelis-Menten kinetics at high ribulose-P2 concentrations.
Although the proposition that fallover is caused by tight binding of ribulose-P2 to E is consistent with most of the experimental data, it has yet to be proven. Indeed, there are times in vivo when the activity of Rubisco is not a direct reflection of its carbamylation level. For (8, 18) . If '4CO2 is used in the assay, the label which remains with the high mol wt fraction following carboxyarabinitol-P2 trapping and gel filtration gives a measure of the proportion of carbamylated, Mg24-bound enzyme (9, 14, 17) . Since carboxyarabinitol-P2 binds more tightly to ECM than to E, it promotes carbamylation. To avoid measuring falsely high carbamylation levels, it is necessary to dilute the concentration and/or the specific radioactivity of the '4CO2 in the trapping solution. An alternative method employs labeled carboxyarabinitol-P2, and relies on the observation of Pierce et al. (18) that carboxyarabinitol-P2 binds irreversibly only to the ECM form of Rubisco. Labelled carboxyarabinitol-P2 bound to E and EC can be exchanged for unlabelled carboxyarabinitol-P2.
The dual isotope method described in the legend to Figure  2 was used throughout these studies to measure the total number of Rubisco catalytic sites present and the fraction of them that were carbamylated during fallover. Slow inactivation was followed in the presence of '4CO2, so that the activesite carbamate would be labeled with 14C. At (Fig. 1) .
Carbamylation Levels During Fallover
The carbamate-trapping procedure was used to determine whether the slow decline in activity during catalysis reflected Figure 2 . Rubisco carbamylation levels during fallover. Fallover was followed as described previously (6) Fig. 2A) but full carbamylation was also preserved throughout a similar experiment where the assay phase was carried out at low CO2 concentration (Fig. 2B) . (The activity levels were lower in this case because of undersaturation with substrate CO2.) When Rubisco was preactivated and assayed at the same low CO2 concentration, the carbamylation level, although reduced to 40% because of CO2 undersaturation during the preactivation phase, still did not decline during fallover in the subsequent assay phase (Fig. 2C) .
TIME (min)
Effect of Ribulose-P2 on Carbamylation Level When fully carbamylated Rubisco was diluted into a CO2 free, but otherwise standard, assay solution at pH 8.3, decarbamylation was very slow (Fig. 3A, filled circles) . Omitting the ribulose-P2 under these conditions resulted in a much more rapid rate of decarbamylation (Fig. 3A, open circles) . Similar effects were obtained when the pH of the assay solution was 7.3, except that the declines in carbamylation level were more rapid both in the presence and absence of ribulose-P2 (Fig. 3B) .
Carbamylation Levels during Activation
When the standard assay for fallover was carried out at saturating C02, but commencing with fully decarbamylated Rubisco (E form) instead of the fully carbamylated (ECM) form, an exponential increase in rate was observed. Eventually, a final steady state rate was achieved which was the same as that attained after fallover ofthe ECM form (Fig. 4) . During this slow activation, the carbamylation level progressively increased in parallel, but it did not stop increasing when the steady state catalytic rate was attained. Instead, it continued to increase slowly throughout the remainder of the assay period (Fig. 5) . Probably, given sufficient time, full carbamylation would be eventually reached. When ribulose-P2 was omitted, the carbamylation level increased very rapidly (t½/ < 30 s) to full carbamylation (Fig. 5 ).
DISCUSSION Efficacy of the Carboxyarabinitol-P2 Trap
The carboxyarabinitol-P2 trapping method for the determination of ECM concentration has been shown here to give an accurate measure of ECM level, even in the presence of ribulose-P2, providing that the mode in which carboxyarabinitol-P2 binds tightly is considered and experimental procedures are adjusted to preclude possible artifacts (Table I; Fig.  1 ). The conditions of the trap should be as follows:
The carboxyarabinitol-P2 concentration must be many-fold greater than the dissociation constant for the initial loose binding of carboxyarabinitol-P2 to ECM, to prevent exchange ofcarbamate-C02 during the loose-binding phase which could cause a false low reading (Fig. 1) . Carboxyarabinitol-P2 concentrations in excess of 10 gM should be used. High concentrations of carboxyarabinitol-P2 are also required when high levels of ribulose-P2 are carried over and the carboxyarabinitol-P2 must compete with it during the initial binding phase. Otherwise, irreversible trapping may require an unacceptably long incubation with the trapping reagents. Even 10 gM carboxyarabinitol-P2 cannot be considered a saturating concentration for the loose-binding phase when ribulose-P2 is present to compete with it. However, ribulose-P2 binding also prevents exchange of activator carbamate (Figs. 2 and 3) . Even so, the trapping incubation should be prolonged beyond the usual 45 mmn (15) when ribulose-P2 is present to accommodate the slower rate of carboxyarabinitol-P2 binding. The concentration or specific radioactivity of the '4C02 used to label the carbamate-C02 must be greatly diluted on addition of carboxyarabinitol-P2, to prevent any E-form Rubisco acquiring '4C02, since carboxyarabinitol-P2 promotes carbamylation.
Providing these guidelines are followed, we have demonstrated that only Rubisco present as E'4CM will retain its "'C on incubation with carboxyarabinitol-P2. Rubisco in any other form (E, E"'C, E-ribulose-P2, or E"'C-ribulose-P2) did not retain "'C after formation ofthe quaternary ECM-carboxyarabinitol-P2 complex.
Carbamylation Levels During Fallover
The results presented (Figs. 2 and 3) show clearly that fallover is not associated with a reduction in the level of carbamylated, Mg2+-bound enzyme. No carbamate-C02 was lost during fallover under the usual conditions ( Fig. 2A) and, even under the more extreme conditions where the CO2 concentration was lowered at the time of addition of ribulose-P2, little or no loss occurred (Figs. 2B and 3A) . Obviously, the presence of ribulose-P2 (and Mg2+) at the active site prevents or greatly retards loss of the carbamate-CO2. Whatever effect ribulose-P2 may have on the carbamylation equilibrium (discussed below), loss of the carbamate-CO2 is much too slow to explain fallover. Ribulose-P2 may restrict loss of the carbamate-CO2 simply by steric effects. Its presence (together with Mg2+) at the active site may hinder exchange ofthe carbamate-CO2 with the external medium. This concept is supported by crystallographic observations of the manner in which carboxyarabinitol-P2 and, by inference, ribulose-P2, bind at the carbamylated active site (1).
Effect of Ribulose-P2 on the Carbamylation Equilibrium Extensive carbamylation occurred, albeit slowly, when uncarbamylated Rubisco was exposed to CO2 and Mg2+ in the presence of ribulose-P2. This was shown both by an increase in catalytic activity and by direct measurement of carbamylation status (Figs. 4 and 5) . The fact that carbamylation occurred at all when ribulose-P2 was present seems inconsistent with observations that ribulose-P2 binds 1000-fold more tightly to the uncarbamylated enzyme (KD = 21 nM [9] ) than it does to the carbamylated form (Km(ribulose-P2) = 20 ,uM [6] ). We suggest that a resolution of this apparent conflict might be sought in one of, or a combination of, the following possibilities:
The extremely tight binding of ribulose-P2 to uncarbamylated Rubisco was measured at 2°C (9) . Perhaps, in view of Rubisco's known conformational sensitivity to temperature (3, 4, 23) , the binding might be looser at 25°C.
The equilibrium of the carbamylation reactions might be more in favor of carbamylation than previously thought, i.e. KcKMg, the product of the individual dissociation constants for carbamate-CO2 and Mg2+, might be substantially less than initially fully decarbamylated Rubisco, the reaction mixture was identical, but the order of addition was reversed: C02-and Mg2+-free Rubisco (see "Materials and Methods") was added to an assay solution already containing ribulose-P2. The data were analyzed as described previously (6). Figure 2 . For the reaction containing ribulose-P2, 50 ML aliquots were also withdrawn at intervals to measure acid-stable 14C, and thus the carboxylation rate (--), as described in the legend to Figure 2. the value of approximately 1.5 x I05 MuM2 inferred from previous measurements (1 1, 13) . Ifso, the binding ofribulose-P2 to the uncarbamylated form might not be tight enough to prevent carbamylation when high concentrations of CO2 and Mg2+ are present.
The fallover phenomenon, itself, might be the cause of the anomaly. The conclusion drawn from the study described in the following paper (7) is that fallover occurs because an inhibitor derived from ribulose-P2 binds to the carbamylated active site. If this inhibitor binds to carbamylated Rubisco approximately as tightly as ribulose-P2 binds to the uncarbamylated enzyme, the inhibitor's binding would tend to counterbalance the overall equilibrium.
These concepts obviously require further study. Nevertheless, the data ofFigures 4 and 5 provide a convincing practical demonstration that carbamylation still occurs in the presence of ribulose-P2.
Cause of Fallover
These studies clearly show that fallover is a property of the fully carbamylated enzyme. In the previous paper (6) , the possibility that fallover is caused by readily reversible binding of ribulose-P2 at a non-catalytic, regulatory site was excluded. By a process of elimination, it now seems that the possibility must be considered that fallover reflects the sequestration of fully-carbamylated catalytic sites by an inhibitor. This possibility is addressed in the following paper (7) .
